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Abstract
The movement of magnetic domain walls can be disturbed by material defects, also named pinning sites. When the magnetic 
field is changing, the domain walls move by “jumps” over these pinning sites. These jumps produce the so named magnetic 
Barkhausen noise (MBN). During walls movements also low amplitude and high frequency elastic waves are generated, they are 
called magnetic acoustic emission (MAE). Both MBN and MAE are technological and efficient alternatives of low cost in the 
study of ferromagnetic materials which suffer degradation by plastic deformation, presence of inclusions, different stresses 
configurations, etc., depending on their micro structural characteristics. For austenitic metastable stainless steel (no magnetic), 
plastic deformation induces martensitic phase transformation (ferromagnetic). The aim of this work is to correlate the MBN with 
the plastic deformation and martensitic phase transformation of AISI 304 stainless steel. Standard test samples were submitted to 
uniaxial tensile strength with different load schedules up to rupture. At every instant the MBN produced was registered. Then
MBN was correlated with the steel microstructure when the martensitic phase was growing.
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1. Introduction
The austenitic stainless steels are ternary alloys of Fe-Cr-Ni which may contain high percentage of Cr and Ni 
according to its type. They are called austenitic because their final structure at room temperature is austenitic (FCC).  
They are non magnetic, exhibit high conformability and are highly resistant to corrosion provided the control of C. 
For these reasons, they are widely applied in pharmaceutical, chemical, aviation, ship building, food and transport 
industries, as well as, in architecture. 
The most widely used austenitic stainless steel is the AISI 304, which contains essentially 18% Cr and  8%  Ni, 
with C content limited to a maximum of 0.08% [Palit Sagar et al. (2005), Tourki et al. (2005) and Sullivan et al. 
(2004)].
Some of the stainless steels named austenitic metastable can present martensitic phase as a result of a 
deformation process. Steel hardened by cold deformation experiences, changes in structure from austenitic to 
martensitic and partially becomes magnetic [Hausild et al. (2013) and Vicente et al. (2005)].
The magnetic Barkhausen noise (MBN) is a nondestructive testing technique employed in the evaluation of 
structures of ferromagnetic materials. It is based on the application of a variable magnetic field in order to measure 
the magnetic pulses generated by movements of the walls of the magnetic domains. Also, during this movement 
elastic waves of low intensity and high frequency are generated in the material by changes in the magnetization. 
This phenomenon is called magnetic acoustic emission (MAE). The MBN and MAE are very sensitive to micro 
structural changes of the material and are strongly correlated with the chemical composition and defects in the 
crystal lattice [Kleber et al. (2010), Stefanita (2008) and Neyra Astudillo et al. (2013)].
In this work, the results of MBN measurement during phase transformation process due to plastic deformation by 
uniaxial tensile testing are presented. The RMS (root mean square) values and the envelope function were studied to 
analyze the MBN signals.
2. Experimental procedure
Stainless steel test samples were submitted to uniaxial tensile strength with different load schedules up to rupture.
The studied material was AISI 304 stainless steel produced by Arcelor-Mittal. The material was characterized by its 
chemical composition, microstructure and micro hardness measurements.
2.1. Materials
The steel chemical composition is shown in Table 1. Six test pieces were manufactured according to standard 
ASTM E8 (ASTM E8- 2004), three of them were cut in the rolling direction (named 0º-1, 0º-2, 0º-3) and 3 in the 
perpendicular direction (named 90º-1, 90º-2, 90º-3).
Table 1. Chemical composition of AISI 304 steel.
Element C Cr Ni
Wt (%) d 0.08 18/20 8/10.5
2.2. Micro structural characterization
To characterize the steel microstructure, the material was polished up to 1 ȝm with diamond paste, and then 
electrolytically treated with 60% nitric acid. The austenitic structure of the AISI 304 steel is shown in Fig. 1(a) as 
original and (b) strained up to 60%.
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Fig. 1. Austenitic structure AISI 304 stainless steel (a) without strain and (b) strained (60 %).
In Fig. 1(a) the austenitic structure with equiaxial grains and a slight carbide precipitation is observed. In Fig.
1(b) the strained material shows lengthened grains with partial martensitic formation.
2.3. Micro hardness measurement
Once the deformation test was finished with the rupture of the samples, their Vickers micro hardness was 
measured with a 0.1 kg load, on the position of maximum deformation (near the fracture) and on other locations. In 
the case of the test specimen 0o-2, due to experimental problems, only a final strain of 36% was obtained. As an 
example, the micro hardness in the fracture zone and final strain are shown in Table 2 for the three test pieces of 0o.
     Table 2. Vickers micro hardness for AISI 304 steel, for 0º test pieces.
Specimen Strain (%) HV0.1
0º-1 0 192
0º-1 52 476
0º-2 36 401
0º-3 60 432
2.4. Magnetic Barkhausen noise
To produce the magnetic field (Hmax = 553 A/m), an electrical current was applied on a solenoid. Test pieces 
were located inside, in the middle zone of the solenoid where the magnetic field is the highest. The MBN sensing 
coil (resonant frequency = 80 kHz) was fixed with a tape to the central part of the test piece. A 10 Hz sinusoidal
current produced by a LeCroy ARB Studio 1102 function generator, amplified by a power specially designed 
amplifier, excited the solenoid. For all the tests, the maximum solenoid current amplitude was 0.075 A, measured on 
a serial 10 ȍ resistor. The solenoid has 1500 varnished cooper turns, 18 cm axial length and 9.5 cm inner diameter.
The MBN sensor coil was connected to a band pass amplifier (1–500 kHz) with low noise level. During the samples
strain process due to the increasing load the rising MBN was registered up to final fracture. Near 20 signals for each 
test were stored in a two channel PicoScope 4227 oscilloscope PC controlled. Channel A registered the excitation 
voltage on the solenoid and channel B registered MBN signals.
The test was performed with a hydraulic universal test machine AMSLER 60ZD 1638. Due to the solenoid 
a)
b)a)
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length, interfered with the sample clamps, additional supports must be added. 
For 0o and 90o specimens, 3 identical test pieces were tested. The entire tests were carried out at room 
temperature with slightly different load rates. Table 3 shows, for each sample, the final strain reached and the mean 
load rate.
     Table 3. Final strain and loading rate for each sample.
Sample Strain 
(%)
Mean load rate
(N/s)
0º-1 52 28
0º-2 36 22
0º-3 60 27
90º-1 52 20
90º-2 56 15
90º-3 54 10
Fig. 2(a) shows a photography of the test machine with the whole MBN system, and in Fig. 2(b) a detail of the 
MBN sensor coil on the test piece suspended by the additional supports, before being introduced inside the solenoid.
Fig. 2. (a) Photography of the complete experimental system; (b) detail of the test piece and the fastening clamps system.
b)a)
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Fig. 3. Photography of the samples and the locations where the martensitic percentage was measured.
2.5 Martensitic Measure
After each of the 6 tests performed up to final rupture, the martensitic percentage was measured for 6 different 
locations on the tests pieces. A Fischer Feritscope FMP30, Gauge FGAB 1.3-Fe, was employed using the induction 
magnetic method.
Fig. 3 shows the test pieces and the 6 locations numbered 1 to 6 after joined the two fracture parts of the 
samples. Probe 0º-2 could not be fractured due to a fail in the fastener system. Table 4 shows martensitic percentage 
in each location for each sample.
Table 4. Martensitic percentage for each sample.
Sample Loc. 1
(%)
Loc. 2
(%)
Loc. 3
(%)
Loc. 4
(%)
Loc. 5
(%)
Loc. 6
(%)
0º-1 24.8 51.5 513 52.6 49.2 26.7
0º-2 11.9 23.7 26.2 22.5 7.8 -
0º-3 7.6 36.7 35.4 34.4 36.5 10.2
90º-1 18.7 49.1 46.4 50.5 51.4 16.1
90º-2 13.8 45.6 46.8 48.8 43.4 14.7
90º-3 11.2 52.3 51.8 51.7 47.3 16.7
Fig. 4 shows the relation between martensitic percentage and Vickers Micro Hardness versus distance from the 
rupture zone (0 cm), for one sample 0º. The same trend may be appreciated in both lines, being clear that the 
martensitic percentage is highest at the rupture zone because it is the most strained and the hardest location. 
90º-3
90º-2
90º-1
0º-3
0º-2
0º-1
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Fig.4. Martensite percentage and Vickers micro hardness vs. rupture distance (0 mm) for a 0º sample.
3. Results and discussion
For each sample, two files were registered, one for the excitation voltage on the solenoid and the other for the 
MBN signals. All signals were digitized with a frequency of 2.4 Msamples/s. The signals were processed using 
Matlab software, calculating the power spectral density function, the RMS value for one cycle of the signal and the 
enveloping function for a half cycle.
It is important to declare that previously to the strain tests, all the samples were measured using MBN method. In 
any case none MBN signals were detected. On the contrary, during the load tests, the MBN activity was detected 
from a load of nearly 6000 N. Just as an example, in Figs. 5(a)-(d) the MBN signals are shown for different 
increasing loads for sample 0º-3.
For a load of 8825 N the MBN signal begins to be distinguished above noise level. For a load of 9316 N the 
signal is higher (note different scales). Finally, for a load of 9806 N the highest signal previous to fracture was
obtained. The same behavior was observed in all the tests. So the MBN activity was growing from the increasing 
load (increasing strain). Clearly these MBN increasing activity is due to the growth of the martensitic phase 
(magnetic) originated by the deformation increase [Kleber et al. (2010)].
To study the signals in the frequency domain (80 kHz sensor coil resonant frequency), an estimator of power 
spectra which reduce the variance was used. So as the process is a random one, the Welch method was employed
[Proakis et al. (2007)].
Fig. 5. MBN signals for four different loads, sample 0º-3.
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Fig. 6. Power spectral density for different loads, (a) 0º- 3 and (b) 90º- 1.
Figs. 6(a) and (b) show an example of frequency power spectra for different applied loads, for samples 0º-3 y 
90º-1 respectively. For clarity, only the four last highest load values were considered. For the other samples, the 
tendency was the same. It can be noted that the power spectra grows with the growth of the load. This trend is 
practically held for all the frequency range. In all cases, the maximum is produced for nearly 0.02 MHz. For the 
perpendicular rolling direction sample (90º) the power values are higher. In both spectra, three different amplitude 
peaks can be distinguished for 60 kHz, 120 kHz and 180 kHz, approximately. These peaks tend to disappear when 
the load is increased. This behavior may be related with some type of sample and sensor coil mechanical oscillation 
which decrease with the strength of the ensemble, being necessary a future deeper analysis.
In Figs. 7(a) and (b) the MBN envelope signals are shown for 10 load values and samples 0º-3 and 90º-1,
respectively. For sample 0º-3 a very high amplitude increase can be noted for the two last load values, but when the 
load exceeds 9316 N the envelope reduces at approximately 10%. For sample 90º-1, a continuous increase of MBN 
envelope amplitudes can be seen. It is worth noting that in samples cut at transversal direction (90º) the MBN 
envelope values are higher (near twice) and with higher number of relative peaks compared with the samples in
rolling direction (0º). Inside the samples, as the grains are lengthened in rolling direction, when a 90º sample is 
strained perpendicular to that direction, the magnetic domain walls find a higher quantity of obstacles per unit 
length, producing an increase in the number of domain wall jumps and then a higher MBN.
The increase of plastic strain produces a rise on the MBN envelope amplitudes and a higher relative peak 
number; this is due to the increasing defect density in the crystalline network which complicates the domain wall 
movements [Baiotto et al. (2010)].
Fig. 7. MBN envelope functions (a) for 0º and (b) for 90º.
a) b)
a) b)
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In Table 5, the final MBN RMS values, maximum martensitic percentage and Vickers micro hardness for each 
sample in both directions (0º y 90º) can be seen. In the case of 0º samples, when the martensitic percentage grows,
clearly the MBN and Vickers micro hardness increase. The tendency is the same for 90º samples, except for the 
micro hardness. So with the MBN signals it is possible to distinguish samples with or without strain. In other way, 
knowing the functional relation between the MBN RMS values and the martensitic percentage, it could be possible 
to estimate the latter when the transformation is occurring.
Table 5. Maximum RMS values, martensitic percentage and Vickers micro hardness for each sample.
Sample RMS value
(mV)
Martensite
(%)
Vickers micro hardness 
(HV0,1)
0º-1 0 0 192
0º-1 98.8 52.6 476
0º-2 71.2 26.2 401
0º-3 78.3 36.7 432
90º-1 104.9 51.4 467
90º-2 100.7 48.8 456
90º-3 113.7 52.3 430
In Figs. 8(a) and (b) the MBN RMS values are shown versus load for each sample in both directions (0º y 90º). In 
both graphs, clearly the RMS values grow when the load (strain) and the martensitic percentages grow. In addition, 
for a load near to 9000 N a big MBN increase is observed in (a), indicating the growing transformation from 
austenite to martensite; in (b) this is observed at a load of 10000 N. So the MBN method could detect the beginning 
of the martensitic transformation during the strain process. 
Fig. 8. RMS values versus applied load, (a) for 0º and (b) for 90ºsamples.
a) b)
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4. Conclusion
The MBN technique detects accurately the micro structural changes caused by martensitic creation induced by 
stainless steel plastic deformation.
Measurements performed with the micro durometer do not show significant differences between the 0º and 90º 
deformed samples. However, it can be differentiated by the dynamic measurement of MBN. These differences are 
also present in the power spectrum of MBN signals.
In all the tests, it was possible to establish the beginning of the martensitic deformation and its evolution by 
using dynamic registration of MBN.
In the power spectra three peaks of different amplitudes at approximately 60 kHz, 120 kHz and 180 kHz were
clearly distinguished; they disappeared with the increasing load. This could be induced by some kind of mechanical 
oscillation of the sample and MBN sensor, which is attenuated with the increase of system stiffness. Clearly a
deeper analysis is necessary.
The RMS values of the MBN allowed to detect the beginning of the martensitic transformation during the 
deformation process, as well as it would allow estimating the martensitic percentage created as a function of strain.
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